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Retinoic Acid Upregulates Preadipocyte Genes to Block 
Adipogenesis and Suppress Diet-Induced Obesity 
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Retinoic acid (RA) protects mice from diet-induced obesity. The 
activity is mediated in part through activation of the nuclear 
receptors RA receptors (RARs) and peroxisome proliferator- 
activated receptor (3/8 and their associated binding proteins 
cellular RA binding protein type II (CRABP-II) and fatty acid 
binding protein type 5 in adipocytes and skeletal muscle, leading 
to enhanced lipid oxidation and energy dissipation. It was also 
reported that RA inhibits differentiation of cultured preadipocytes. 
However, whether the hormone suppresses adipogenesis in vivo 
and how the activity is propagated remained unknown. In this 
study, we show that RA inhibits adipocyte differentiation by 
activating the CRABP-II/RAR7 path in preadipose cells, thereby 
upregulating the expression of the adipogenesis inhibitors Pref-1, 
Sox9, and Kruppel-like factor 2 (KLF2). In turn, KLF2 induces the 
expression of CRABP-II and RAR7, further potentiating inhibition 
of adipocyte differentiation by RA. The data also indicate that RA 
suppresses adipogenesis in vivo and that the activity significantly 
contributes to the ability of the hormone to counteract diet-induced 
obesity. Diabetes 61:1112-1121, 2012 




Obesity stems from hypertrophy of pre-existing 
adipocytes, resulting from excess lipid accu- 
mulation, and generation of new adipocytes 
through adipogenesis. Detailed understanding 
of the molecular mechanisms that regulate adipogenesis is 
thus important in the quest for strategies to overcome 
obesity and its associated pathologies. Current knowledge 
on these mechanisms is primarily based on investigations 
using cultured cell models, such as 3T3-L1 fibroblasts, that 
can be induced to differentiate into adipocytes upon treat- 
ment with a mixture of insulin, a glucocorticoid receptor 
agonist, and a phosphodiesterase inhibitor, which elevates 
adenosine 3',5-cyclic monophosphate levels (1,2). These 
signaling molecules alter the expression of numerous genes, 
thereby triggering differentiation and allowing adipogenesis 
to proceed (3,4, reviewed in Ref. 5). In contrast, other 
signaling molecules negatively regulate adipocyte differ- 
entiation. One such important molecule is the vitamin A 
metabolite retinoic acid (RA). It has long been known that 
this hormone potently blocks adipogenesis when intro- 
duced at early stages of differentiation (6-8). It was 
subsequently reported that the loss of the inhibitory 
activity of RA at late stages stems from downregulation 
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of the RA-activated transcription factor RA receptor (RAR) 
following induction of differentiation (9). It was also sug- 
gested that interference with adipogenesis by RA involves 
Smad3 (9-11). However, how RA regulates the expression 
of Smad3 is unknown, and, to date, the identity of genes 
that mediate RA-induced inhibition of adipocyte differen- 
tiation and the mechanisms by which the activity is prop- 
agated remained elusive. 

RA regulates gene transcription by activating several 
members of the nuclear receptor family of ligand-activated 
transcription factors, the classical RARs — RARa, RAR(3, 
and RAR7 (12) — and the peroxisome proliferator-activated 
receptor (3/8 (PPAR(3/8) (13-17). The partitioning of the 
hormone between its receptors is regulated by two in- 
tracellular lipid-binding proteins, cellular RA binding pro- 
tein type II (CRABP-II), which delivers RA to RAR, and fatty 
acid binding protein type 5 (FABP5), which shuttles it to 
PPAR(3/8 (15,16,18-22). We previously showed that adipo- 
cyte differentiation is accompanied by downregulation of 
RAR and CRABP-II and upregulation of PPARp/8 and 
FABP5. Consequently, whereas in preadipocytes RA func- 
tions predominantly through CRABP-II and RAR, the hor- 
mone signals through both pathways in the mature adipocyte 
(13,14). Multiple studies established that RA treatment results 
in weight loss and enhances insulin sensitivity in various 
mouse models of obesity (13,23). These effects can be 
traced, at least in part, to enhanced fatty acid oxidation 
and energy dissipation brought about by RA-induced ac- 
tivation of PPAR(3/8 and RAR in mature adipocytes, liver, 
and skeletal muscle (13,24). 

Although the mechanisms by which RA regulates energy 
homeostasis and lipid metabolism in mature adipocytes are 
well understood, little information is available on functions 
of the hormone in preadipose cells. The hallmark of pre- 
adipocytes is Pref-1, a plasma membrane protein exclusively 
expressed in these cells that potently inhibits adipogenesis 
(25-27). Pref-1 is cleaved by a disintegrin and metal- 
loprotease 17/tumor necrosis factor-a-converting enzyme 
to produce an extracellular active form that triggers ex- 
tracellular signal-regulated kinase signaling, leading to 
induction of the transcription factor SOX9. In turn, SOX9 
blocks adipogenesis by repressing the expression of the 
adipogenic factors CCAAT/enhancer binding protein (C/EBP) (3 
and C/EBP8 (28-31). In accordance with inhibition of 
adipogenesis by the protein, it was reported that a low 
level of Pref-1 is associated with obesity in humans (32). 
Another protein that contributes to maintenance of the 
preadipocyte state is the transcription factor Kruppel-like 
factor 2 (KLF2), which inhibits adipogenesis by suppressing 
the expression of PPAR7, C/EBPa, and sterol regulatory 
element-binding protein lc (SREBPlc) (33,34). The factors 
that control the expression of KLF2 or Pref-1 and its down- 
stream effector SOX9 in preadipocytes are unknown. 

This study was undertaken in order to delineate the 
mechanisms by which RA inhibits adipocyte differentiation 
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and to examine whether this activity contributes to the 
ability of the hormone to prevent diet-induced obesity. 

RESEARCH DESIGN AND METHODS 

Reagents. AlRraws-retinoic acid (RA) was from Calbiochem. Antibodies 
against Pref-1, Sox9, KLF2, and RAR7 were from Santa Cruz Biotechnology. 
FABP4 antibodies were from R&D Systems. Pref-1 antibodies used in immu- 
noblots were from Cell Signaling Technology. Lentiviruses harboring short 
hairpin RNAs (shRNAs) were from Open Biosystems. The triglyceride assay 
kit was from Zen-Bio. 

Cells. Preadipocytes were cultured in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% calf serum. Two days postconfluence, cells 
were induced to differentiate in medium supplemented with 10% fetal bovine 
serum, 10 fxg/mL insulin, 0.5 mmol/L 3-isobutyl-l-methylxanthine, and 0.25 
mmol/L dexamethasone. NIH3T3-L1 cells were used unless otherwise speci- 
fied. Experiments using preadipocytes were carried out at 70-80% confluency. 
Quantitative real-time PCR. RNA was extracted and cDNA generated as 
described (13). TaqMan chemistry and assays on demand probes (Applied 
Biosystems) were: Pref-1, Mm00494477_ml, Hs00171584_ml; Sox9, Mm00448840, 
Hs00165814_ml; KLF2, Mm01244979_gl, Hs00360439_gl; C/EBPa, Mm00514283_sl; 
C/EBPp, Mm00843434_sl; Adiponectin, Mm01343606_ml; FABP4, Mm00445880_ml; 
PPAR7, Mm01184322_ml; RARa, Mm043626_m; RAR7, Mm00441083_ml; 
CRABP-II, Mm00801691_ml; PPARp/8, Mm00803184; FABP5, Mm00783731_sl; 
and GAPDH, Mm99999915_gl. 

Chromatin immunoprecipitation (ChIP) assays were carried out as de- 
scribed (13). PCR was performed using the following primer sets: RAR re- 
sponse element (RARE) Pref-1 sense, 5'-cttttcgtggtggttttcgt-3' and antisense, 
5'-gcaagtctcaggaaccaagc-3'; RARE Sox9 sense, 5'-agagcttcgccctcttagg-3' and 
antisense, 5'-gttctgcttcttgcgtcctg-3'; RARE KLF2 sense, 5'-cctcttgctttctcca 
gagc-3' and antisense, 5'-gtgcagggaagagctgttgt-3'; KLF2 site RAR7 sense, 5'-cc 
ttattggtggccatggta-3' and antisense, 5'-gacttgggttgcttggtgat-3'; and KLF2 site 
CRABP-II sense, 5'-tcaccgcactttcagctcta-3' and antisense, 5'-gaggctagaag 
ggcagaggt-3'. 

Isolation of human and mouse preadipocytes. Human adipose tissues were 
collected from patients undergoing abdominoplasty. Mouse preadipocytes 
were isolated from epididymal and inguinal fat depots. Preadipocytes were 
isolated as described (35) and passaged three times prior to experimentation. 
Adipocyte differentiation. Preadipocytes were grown in DMEM supple- 
mented with 10% calf serum. Differentiation media (DMEM supplemented with 
10% fetal bovine serum, 10 fig/mL insulin [Sigma-Aldrich], 0.5 mmol/L 3-isobutyl- 
l-methylxanthine [Sigma-Aldrich], and 0.25 mmol/L dexamethasone [Thermo- 
Fisher]) was added 2 days past confluence. Three days later, medium was 
replaced with DMEM supplemented with 10% FBS for an additional 4 days. 
Flow cytometry. Stromal-vascular (preadipocyte) and mature adipocyte frac- 
tions were isolated as described (35) and pooled. Pooled cells were stained with 
Nile red (50 jxg/mL) and Hoechst dye 33342 (10 jxmol/L) for 1 h in the dark. Cells 
were analyzed by flow cytometry (at 530 and 430 nm) to assess the fraction of 
Nile red-positive (lipid-containing) cells within total the Hoechst-positive cells. 
Mice. Mouse studies were performed by the Mouse Metabolic Phenotyping 
Center of the Case Western Reserve University. All experiments used male 
mice. Lean mice were fed chow diet (LabDiet 5P76 Irradiated Isopro RMH 3000; 
Prolab, St. Louis, MO). Eight-week-old C57BL/6Ntac mice (Taconic Farms) 
mice were subcutaneously implanted with an RA pellet or mock pelleted by 
using a 10-gauge precision trochar (Innovative Research of America). Eight- 
week-old mice were placed on a high-fat/high-sucrose diet (HFHS; research diet 
D 12331) as indicated. At the end of the experimental duration, mice were killed 
and tissues harvested following an overnight fast. 

Body weights and food intake. Twenty-four-hour food consumption was 
measured once a week. During each 24-h period, mice were housed in- 
dividually with a thin layer of bedding, and a known quantity of diet was 
provided. Food remaining after 24 h was weighed. Body weights were mea- 
sured before and after the 24-h feeding period. 

Blood parameters. Following an overnight fast, mice were killed and blood 
collected by a heart puncture. Plasma was isolated by using Microtainer plasma 
separator tubes (BD Biosciences). Leptin levels were measured using a leptin 
(mouse/rat) ELISA kit (ALPCO). Other parameters were measured by Veteri- 
nary Diagnostic Services (Marshfield Laboratories, Marshfield, WI). 
Histology. Tissues were preserved in 10% formalin and then processed and 
sectioned by the Case Western Reserve University Histology Core. Sections 
were analyzed by using a Zeiss camera (Carl Zeiss). 
Statistical Analyses. Data were analyzed by Student paired t test. 

RESULTS 

RA prevents diet-induced weight gain in mice. Eight- 
week-old C57BL/6Ntac male mice were used to examine 
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effects of RA on dietary-induced obesity. Mice were fed an 
HFHS diet (research diet D12331). Animals in the exper- 
imental group were systemically treated by subcutaneous 
implantation of slow-release pellets (7.5 mg, 60-day re- 
lease; Innovative Research of America). Preliminary 
results showed that this supraphysiological dose was ef- 
fective but not toxic to the mice. Mice treated with RA 
were resistant to diet-induced weight gain despite a higher 
food intake as compared with control animals (Fig. L4 and B). 
The weight of white adipose tissue (WAT; combined ep- 
ididymal and inguinal fat) of RA-treated mice was mark- 
edly lower as compared with WAT of nontreated animals 
(Fig. 1(7), and histological examination showed that adi- 
pocyes in RA-treated mice were markedly smaller than 
in control animals (Fig. ID and Supplementary Fig. IA). 
RA treatment blunted diet-induced elevation in levels of 
plasma cholesterol (Fig. IE) and plasma triglycerides 
(Fig. IF) but did not affect levels of plasma free fatty 
acids (Fig. 1G). 

RA treatment upregulated adipose PPAR(3/8 target genes 
(e.g., 3-phosphoinositide-dependent protein kinase 1), which 
is involved in insulin signaling, and adipose differentiation- 
related protein, which is associated with lipid droplets. In 
addition, RA induced the expression of genes involved in 
regulating energy homeostasis that are under control of 
both RAR and PPAR(3/8, including uncoupling protein 
(UCP) 3, which mediates energy dissipation, and hormone- 
sensitive lipase (HSL), which catalyzes lipid hydrolysis 
(Fig. 1H). The data indicate that the ability of RA to protect 
animals from diet-induced obesity and insulin resistance is 
mediated, at least in part, by increasing the expression of 
adipose proteins that enhance lipid oxidation and energy 
dissipation and that promote insulin signaling. 

To examine whether RA inhibits adipogenesis in vivo, 
adipose cells were isolated from WAT of control and RA- 
treated mice. Cells were stained with Hoechst stain and 
with the fluorescent lipid dye Nile red and analyzed by 
flow cytometry to assess the number of mature, lipid- 
accumulating cells in the tissues. The data (Fig. 17) indicate 
that RA treatment decreased the content of mature adi- 
pocytes in WAT. Concomitantly, RA upregulated the ex- 
pression of the preadipocyte marker Pref-1 in total adipose 
tissue (Fig. 1J and Supplementary Fig. IB) and in the ad- 
ipose stromal vascular fraction (Fig. IK). Hence, the data 
indicate that RA treatment both upregulated the expres- 
sion level of Pref-1 in cells that express this protein and 
increased the number of Pref-l-expressing cells. RA thus 
seem to contribute to maintenance of preadipocytes and 
inhibits adipocyte differentiation in vivo. 
RAR7 directly induces the expression of genes that 
inhibit adipogenesis. To investigate the mechanism by 
which RA inhibits adipocyte differentiation, the well-established 
cultured cell model of preadipocytes, NIH-3T3-L1 cells, 
and the pluripotent mesenchymal stem cell line C3H10T1/2 
were used. Differentiation was induced by a standard 
protocol (see research design and methods) and monitored 
by examining the appearance of the adipocyte marker 
FABP4. Including RA in differentiation mixtures markedly 
inhibited adipogenesis both in NIH3T3-L1 and in C3H10T1/2 
cells (Fig. 2A and Supplementary Fig. 5A). In agreement 
with the reports that RA functions in preadipocytes pri- 
marily through the CRABP-II/RAR pathway (13,14), the 
hormone did not inhibit differentiation in the presence of 
the pan-RAR antagonist LE540 (Fig. 2A). All of the com- 
ponents of the CRABP-II/RAR pathway in preadipocytes (i.e., 
CRABP-II, RARa, and RAR7) are downregulated following 
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FIG. 1. RA prevents weight gain and inhibits adipogenesis in vivo. A: Body weight of control (black squares) and RA-treated (gray circles) 8-week- 
old mice fed an HFHS diet (ji = 6/group) for 8 weeks. B: Food intake of control (black squares) and RA-treated (gray circles), normalized to body 
weight (n = 6/group). C: Weights of WAT in control and RA-treated mice (ji = 3/group). D: Hematoxylin-eosin staining of adipose tissue of control 
and RA-treated mice. Plasma levels of total cholesterol (i?), triglycerides (F), and free fatty acids ((2) in lean mice (white bars), mice fed an HFHS 
diet for 8 weeks (black bars), and HFHS-fed RA-treated mice (HFHS+RA, gray bars). H: Levels of mRNA for denoted genes in WAT of untreated, 
HFHS-fed (white bars) and HSHF-fed, RA-treated mice (black bars). /: Cells were isolated from WAT of denoted mice, stained with Hoechst dye 
and Nile red, and analyzed by flow cytometry. Total of 10,000 cells was analyzed, and the fraction of Nile red-positive cells is shown. J: Pref-1 
expression in WAT was visualized by immunofluorescence. K: Stromal vascular fraction was isolated from WAT and Pref-1 mRNA measured by 
quantitative real-time PCR (Q-PCR). Data are means ± SEM. n = 3/group unless denoted otherwise. *P <> 0.01; **P <> 0.03 HFHS-fed mice in the 
absence versus presence of RA treatment. (A high-quality digital representation of this figure is available in the online issue.) 



induction of differentiation, but loss of RAR7 is more pro- 
nounced than that of RARa (Fig. 2B). Overexpression of 
RAR7 suppressed differentiation and enhanced the ability 
of RA to inhibit the process (Fig. 2C and E). Conversely, 
decreasing the level of RAR7 enhanced differentiation and 
abrogated inhibition by RA (Fig. 2D and E). The observa- 
tions thus demonstrate that downregulation of this receptor 
is critical for allowing differentiation to proceed. 

Several proteins have been reported to effectively in- 
hibit adipocyte differentiation. Among these is Pref-1, a 
signaling protein for which the downstream effector, 
transcription factor Sox9, inhibits adipogenesis by sup- 
pressing the expression of the adipogenic factors C/EBP(3 
and C/EBP8 (30,31,36,37). Another protein that was repor- 
ted to inhibit adipogenesis is the transcription factor KLF-2, 
which suppresses PPAR7, C/EBPa, and SREBPlc expression 
(33,34). 

RA and the pan-RAR agonist (£^)-4-[2-(5,6,7,8-tetrahydro- 
5,5,8,8-tetramethyl-2-naphthylenyl)-l-propenyl] benzoic acid 
(TTNPB) induced expression of Pref-1, Sox9, and KLF2 in 



NIH-3T3-L1 cells (Fig. 2F-I and Supplementary Fig. 1C), 
C3H10T1/2 cells (Supplementary Fig. 55), and primary hu- 
man preadipocytes (Fig. 2J). The three genes were also 
upregulated in adipose tissue of mice treated with TTNPB 
or RA in vivo (Fig. 2K). RA and TTNPB induced the ex- 
pression of these genes both in the absence and presence of 
the protein synthesis inhibitor cycloheximide (Fig. 2F-H), 
and the effect was abolished upon pretreatment with the 
pan-RAR antagonist LE540 (Fig. 2L and Supplementary Fig. 
ID and E). Hence, Pref-1, SOX9, and KLF2 are direct targets 
for RAR. Examination of their respective promoter regions 
using Nubiscan (http://www.nubiscan.unibas.ch/) revealed 
putative RAR response elements in all three genes. Specif- 
ically, Pref-1, SOX9, and KLF2 harbor the putative RAREs 
GGGTCAgaAGCCCA, AGTCCAagtcaAGGGCC, and AGTC 
CAagtcaAGGGCC at 563, 1370, and 1300 bp upstream from 
the respective transcription start sites. ChIP analyses were 
carried out to identify the RAR isotype that regulates the 
expression of the genes. The data (Fig. 3A) indicated that 
RAR7, but not RARa, is associated with the RAREs in the 
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FIG. 2. RA induces the expression of the adipogenesis inhibitors Pref-1, Sox9, and KLF2. A: Levels of FABP4 mRNA in cells differentiated in the 
presence of RA, LE540, or both (1 |mmol/L). *P ^ 0.01 control versus treated. B: Levels of RARa (■), RARy (A), and CRABP-II (#) mRNA of during 
the first 24 h of adipocyte differentiation. Preadipocytes were transfected with empty vector (e.v) or vector encoding RARy (C) or infected with 
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assessed by immunoblots. E: Triglyceride content of adipocytes treated as in C and D. #P ^ 0.03 cells expressing e.v versus vector harboring RARy 
or lentivirus encoding RARY-shRNA; **P < 0.01 cells treated with RA expressing e.v versus vector harboring RARy* F-H: Levels of denoted mRNAs 
in preadipocytes pretreated with cycloheximide (CHX; 15 min, 20 |mg/mL) and then treated with vehicle (white bars), RA (black bars), or TTNPB 
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*P ^ 0.01 control versus treated. K: Levels of denoted mRNAs in adipose tissue of 22-week-old obese mice orally fed with vehicle (sesame oil, white 
bars), RA (black bars), or TTNPB (gray bars) daily for 2 days (0.16 mg ligand/day). n = 3/group. *P ^ 0.01 control versus RA-treated. L: Pre- 
adipocytes were pretreated with LE540 (1 |mmol/L, 1 h) and then treated with vehicle (white bars) or RA (black bars) (1 |mmol/L, 4 h). Pref-1 mRNA 
was measured by Q-PCR. Data are means ± SD from three independent experiments. 



Pref-1 and Sox9 promoters. It is worth noting that SOX9 
was previously found to also comprise a direct target for 
RAR in breast cancer cells (38). Both RAR isotypes were 
found to be associated with the RARE of the KLF2 pro- 
moter, but binding of RAR7 was stronger than that of RARa. 
The elements were also occupied by RXR, demonstrating the 
presence of a functional RAR-RXR heterodimer. It is worth 
noting that recruitment of the RAR-RXR heterodimers to 
the response element was independent of the presence of 
RA. To further examine the relative contributions of RAR7 
and RARa, their expression levels were modulated. Ectopic 
overexpression of RAR7, but not RARa, upregulated Pref-1 
(Fig. 3B) and Sox9 (Supplementary Fig. 2A). KLF2 was in- 
duced by both RARs (Supplementary Fig. ZB). Critical in- 
volvement of RAR7 was further demonstrated by the 
observation that decreasing the expression of this isotype 
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abolished the RA response of all three genes (Fig. 3C). 
As expected from bona fide RAR targets, upregulation of 
Pref-1, SOX9, and KLF2 by RA was enhanced by ectopic 
expression of CRABP-II (Fig. 3D and Supplementary Fig. 
2D and E). 

RA potently induced the expression of Pref-1, SOX9, and 
KLF2 at early stages of adipocyte differentiation but was 
much less effective at later stages (Fig. 3E-G). These 
observations, likely reflecting the loss of CRABP-II and 
RAR7 following differentiation induction (Fig. 2B), pro- 
vide a rationale for understanding why RA is effective 
in inhibiting adipocyte differentiation only early in the 
process (9). 

Inhibition of adipogenesis by RA is mediated by Pref-1 
and Sox9. The expression of Pref-1 and Sox9 in preadipocytes 
was decreased using respective shRNAs (Supplementary 
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Fig. 3A), and cells were then induced to differentiate in 
the presence or absence of RA. Differentiation was as- 
sessed by Oil Red O staining, measurements of the tri- 
glyceride content of cells, and monitoring the expression 
of various adipocyte markers. Downregulation of Sox9 
or of both Sox9 and Pref-1 enhanced differentiation and 
abrogated the inhibitory activity of RA both in NIH3T3- 
Ll cells (Fig. 3H-J and Supplementary Fig. 3B-D) and 
C3H10T1/2 cells (Supplementary Fig. 5C and D). In con- 
trast, reducing the expression of Pref-1 alone was not as 
effective (Fig. 3H and I). The latter observation can be 
readily understood considering that SOX9, the downstream 
effector of Pref-1, is itself a direct target for RAR. As SOX9 
is induced by RA independently of Pref-1 (Supplementary 



Fig. 4A and B), RA can inhibit differentiation even in the 
absence of the latter. 

Inhibition of adipogenesis by RA is mediated and 
enhanced by KLF2. To examine the involvement of KLF2 
in RA-induced inhibition of adipogenesis, the factor was 
ectopically overexpressed in preadipocytes. Cells were 
then induced to differentiate in the presence of varying 
concentrations of RA. Ectopic expression of KLF2 effec- 
tively inhibited adipogenesis and markedly potentiated the 
inhibitory activity of RA (Fig. 44 and E). Conversely, de- 
creasing the expression of KLF2 enhanced adipogenesis and 
abrogated the ability of RA to inhibit the differentiation of 
NIH3T3-L1 (Fig. 4C-E) and C3H10T1/2 cells (Supplemen- 
tary Fig. 5E and F). 
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FIG. 4. RA inhibits adipogenesis through KLF2, which, in turn, feeds back onto RA signaling. A: Preadipocytes were infected with retroviruses 
encoding green fluorescent protein (GFP) or GFP-KLF2 and treated with denoted concentrations of RA throughout differentiation. RA was 
replenished every 48 h. FABP4 expression was monitored by immunoblots. B: Preadipocytes, infected with retroviruses encoding GFP (white bars) 
or GFP-KLF2 (black bars), were induced to differentiate in the presence of denoted concentrations of RA. Triglyceride content was measured. #P ^ 
0.01 cells infected with GFP versus GFP-KLF2-encoding vector; *P < 0.05 RA-treated cells expressing GFP versus RA-treated GFP-KLF2- 
expressing cells. C-E: Preadipocytes were infected with an empty lentivirus (e.v, white bars) or lentivirus encoding KLF2-shRNA (black bars) and 
induced to differentiate in the absence or presence of RA (1 |uimol/L). Differentiation was monitored by immunoblotting for FABP4 (C), Oil Red O 
staining (.D), and measuring triglyceride content (£'). #P ^ 0.01 cells infected with GFP versus GFP-KLF2-encoding vector; *P < 0.05 RA-treated 
cells expressing GFP versus RA-treated GFP-KLF2-expressing cells; ##P < 0.001 RA-treated versus nontreated cells. F: Preadipocytes were 
infected with retrovirus encoding KLF2. Expression levels of denoted proteins were analyzed by immunoblotting. G: Preadipocytes were infected 
with retroviruses encoding GFP (white bars) or GFP-KLF2 (black bars). Levels of mRNA for denoted genes were assessed by Q-PCR. *P < 0.05 RA- 
treated cells expressing GFP versus RA-treated GFP-KLF2-expressing cells. H: Preadipocytes were infected with retroviruses encoding GFP or 
GFP-KLF2. ChIP analyses were carried out using KLF2 antibodies. PCR was conducted to amplify the regions containing the KLF response element 
in the promoters of RARy and CRABP-II. /: Preadipocytes were infected with a retrovirus encoding GFP or GFP-KLF2 and then treated with RA 
(0.1 jjimol/L, 4 h). Levels of mRNA for Cyp26al (white bars), Pref-1 (black bars), and Sox9 (gray bars) were measured by Q-PCR. ##P < 0.001 RA- 
treated versus nontreated cells; #P ^ 0.01 cells infected with GFP versus GFP-KLF2-encoding vector; **P < 0.001 RA-treated cells expressing GFP 
versus RA-treated GFP-KLF2-expressing cells. Data are means ± SD from three separate experiments. 



Interestingly, ectopic expression of KLF2 led to up- 
regulation of CRABP-II and RAR7 (Fig. 4F and G). Ex- 
amination of the promoters of these genes revealed the 
presence of KLF2 response elements in both. Specifically, 
the RAR7 gene harbors a 5'-CACCC-3' sequence at +105 bp, 
and CRABP-II harbors three tandem KLF2 elements,, 5'- 
CACCCCCACCCCCACCACCC-3', at -763 bp. ChIP assays 
demonstrated that KLF2 occupies these elements in pre- 
adipocytes (Fig. AH). Hence, KLF2 is placed within a positive- 
feedback loop that promotes the transcriptional activities of 
RA through the CRABP-II/RAR7 path. In accordance with 
this notion, overexpressing KLF2 enhanced the ability of 
RA to upregulate the expression of the hallmark RAR target 
gene Cyp26al as well as the newly identified RAR targets 
Pref-1 and Sox9 (Fig. 47). 
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Decreasing RA signaling through the CRABP-II/RAR 
pathway promotes diet-induced adipogenesis and 
obesity in vivo. Inhibition of adipocyte differentiation by 
RA, exerted by activating the CRABP-II/RAR path, may 
contribute to the ability of the hormone to suppress diet- 
induced obesity. To examine this notion, 8-week-old CRABP-II 
heterozygous (C57/B16/CRABP-II +/ ~) mice and wild-type 
(WT) littermates were used. The reduced expression of 
CRABP-II in these mice is expected to decrease the tran- 
scriptional activity of RAR. Expression levels of the adipo- 
cyte markers FABP4 and PPAR7 in WT and CRABP-II +/ " 
mice were similar, demonstrating that mature adipocytes in 
CRABP-II +/ ~ mice retain normal phenotype (Supplementary 
Fig. 4(7). In agreement with the identification of Pref-1, 
SOX9, and KLF2 as CRABP-II/RAR targets, the levels of 
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these genes were markedly lower in adipose tissue of 
CRABP-II +/ " versus WT mice (Fig. 5A). The reduced ex- 
pression of these adipocyte inhibitors suggests that CRABP- 
mice are prone to excess adipogenesis. If so, it may 
be predicted that high-fat feeding of these mice will result 
in enhanced adiposity. In accordance with this notion, 
CRABP-II +/ ~ mice fed an HFHS diet gained more weight 
than WT animals (Fig. 51?), although they displayed lower 
food intake (Fig. 5C). The increased weight stemmed 
from a higher weight of WAT and liver (Fig. 5D). The 
observed hepatic steatosis (Fig. 5E) is in keeping with the 
report that RA enhances lipid oxidation and inhibits lipid 
biosynthesis in the liver of mice (39). Remarkably, the 
size of adipocytes in WT and CRABP-II +/ ~ mice was similar 
(Fig. 5Fsnd G). Hence, the increase in the weight of WAT in 
these animals did not result from enhanced hypertrophy 
but, instead, reflected accelerated generation of mature adi- 
pocytes. The levels of Pref-1, SOX9, and KLF2 in CRABP-II +/ " 
mice remained lower than in WT animals following 13 weeks 
on a high-fat diet (Fig. 5H). 



In mature adipocytes, RAR upregulates HSL and UCP1 
(13,40) and represses the expression of leptin (41). 
Reflecting a reduced RAR activity in CRABP-II +/ ~ mice, 
expression of adipose HSL and UCP1 was lower, and ex- 
pression of leptin was higher in these animals (Fig. 6A). 
The resulting increased serum level of leptin (Fig. 6A, in- 
set) provides a rationale for understanding the reduced 
food intake in these animals (Fig. 5(7). In contrast with 
RAR target genes, the expression of adipose genes that are 
regulated by RA through activation of PPAR(V8, including 
3-phosphoinositide-dependent protein kinase 1, adipose 
differentiation-related protein, aldehyde dehydrogenase 9, 
and UCP3 (13), was similar in CRABP-II +/ " and WT mice 
(Fig. 6A). Hence, the reduced expression of CRABP-II 
did not hamper the ability of RA to activate PPAR(3/8 
in mature adipocytes. CRABP-II +/ ~ mice also displayed 
normal plasma levels of cholesterol, triglycerides, and 
free fatty acids, parameters that were previously shown to 
be controUed by RA through the FABP5/PPAR(V8 pathway 
(Fig. 6B-D). 




WAT liver skeletal muscle 




Pref-1 Sox9 KLF2 



FIG. 5. Decreasing CRABP-II expression exacerbates obesity by promoting adipocyte differentiation in vivo. A: Levels of denoted mRNAs from 
WAT of WT (white bars) and CRABP" /+ (black bars) mice fed a normal chow diet (n = 3). B: Body weight of 8-week-old WT (black squares) or 
CRABP-II +/ " (gray circles) mice fed an HFHS diet (WT: n = 4; CRABP-II +/ ": n = 3). C: Food intake of WT (black squares) or CRABP-II +/ " (gray 
circles) mice fed an HFHS diet, normalized to body weight (WT: n = 4; CRABPII +/ ": n = 3). D: Weights of WAT, liver, and skeletal muscle in WT 
(white bar) and CRABP +/ ~ (gray bar) mice following 14 weeks of HFHS feeding. Hematoxylin-eosin staining of liver (2?) and adipose tissue (F) of 
WT and CRABP-II +/ " mice following 14 weeks of HFHS feeding. G: Adipocyte diameters in WT and CRABP-II +/ " mice following 14 weeks of HFHS 
feeding. Total of 50 adipocytes per adipose tissue were measured (ji = 3 mice/group). Hi Levels of mRNAs for denoted genes in WAT of WT (white 
bar) and WAT of CRABP-II +/ " (black bar) mice following 14 weeks of HFHS feeding (n = 3/group). Data are mean ± SEM. *P < 0.05 WT versus 
CRABP-II +/ ~ mice. (A high-quality color representation of this figure is available in the online issue.) 
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FIG. 6. Effect of decreasing CRABP-II expression on adipose genes and blood parameters. A: Levels of denoted mRNAs from WAT of WT (white 
bars) and CRABP-II +/_ (black bars) mice (n = 3/gronp). Inset: sernm levels of leptin in blood of WT and CRABP-II mice following 14 weeks of 
HFHS feeding (n = 3 to 4/group). Plasma concentrations of cholesterol CB), triglycerides (C), and free fatty acids (Z>) in WT (white bars) and 
CRABP-II +/_ (black bars) mice (n = 3 to 4/group). Data are means ± SEM. E: A model for RA-induced inhibition of adipogenesis. In preadipocytes, 
RA activates CRABP-II and RAR7 to induce expression of Pref-1, Sox9, and KLF2, which, in turn, potently inhibit adipogenesis. KLF2 upregulates 
RAR7 and CRABP-II, thereby propagating a positive-feedback loop that further potentiates RA induced inhibition of adipocyte differentiation. 
*P < 0.01; **P = 0.04 WT versus CRABP-II +/ " mice. 



DISCUSSION 

Multiple reports demonstrated that the vitamin A metab- 
olite RA induces weight lost and enhances insulin sensi- 
tivity in obese mice (13,23). In further support of the 
conclusion that RA plays an important role in regulating 
body weight, it was also reported that mice lacking retinol 
dehydrogenase 1, an enzyme that catalyzes the first step in 
the conversion of retinol to RA, display increased size and 
obesity (42). One mechanism by which RA induces weight 
loss involves activation of RAR and PPAR(3/8 in adipo- 
cytes, liver, and skeletal muscle, resulting in upregulation 
of genes that promote lipolysis, lipid oxidation, energy 
dissipation, and insulin sensitivity (13,14) (Fig. IH). RA 
thus prevents diet-induced weight gain and adipose hy- 
pertrophy (Fig. 1A-D) and protects mice from high-fat 
diet-induced elevation in serum levels of cholesterol and 
triglycerides (Fig. IE and F). It is noteworthy that, whereas 
RA treatment lowered serum triglyceride levels in mice, 
it has been reported that administration of the agent to 
human patients leads to hypertriglyceridemia (43-46). 
The differential response may reflect species specific- 
ities. However, as biochemical abnormalities in human 
patients appear only at high RA doses (45,46), it is pos- 
sible that hypertriglyceridemia may be avoided if RA is 
used at subtoxic doses. The efficacy of a low-dose RA 
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treatment in overcoming obesity and insulin resistance in 
humans remains to be examined. 

In addition to modulating lipid metabolism and energy 
utilization, RA suppresses the generation of new adipo- 
cytes in cultured cells and, as we show in this study, in 
vivo (Fig. II-K). The data demonstrate that this activity is 
mediated by CRABP-II cooperating mainly with the RAR 
isotype RAR7, albeit with some contribution of RARa 
(Fig. 3A-D). These RA-activated RARs inhibit adipogenesis 
through induction of target genes that encode the adipo- 
genesis inhibitors Pref-1, Sox9, and KLF2 (Fig. 6E). 

It was previously reported that inhibition of adipo- 
genesis by RA originates from interference of RAR with 
the activity of the early adipogenic factor C/EBP-(3 and that 
the effect may be mediated by Smad3 (9-11). Our obser- 
vations that RA induces the expression of Pref-1 suggest 
an alternative mechanism for inhibition of C/EBPs by RA. 
Pref-1 inhibits adipogenesis by triggering mitogen-activated 
protein kinase/extracellular signal-regulated kinase signal- 
ing, leading to upregulation of Sox9, which, in turn, sup- 
presses the transcription of both C/EBP-|3 and C/EBP-8 
(30,36). The data described in this study demonstrate that 
RAR7 induces the expression of Pref-1 as well as SOX9, 
providing a direct rationale for understanding the inhibition 
of C/EBPs by RA. The involvement of Smad3 in the activity 
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remains to be clarified. Transgenic mice that overexpress 
Pref-1 in adipose tissue display partial lipodystrophy and, 
accordingly, hypertriglyceridemia (47). Notably, induction 
of Pref-1 by RA was not accompanied by biochemical 
abnormalities and did not lead to lipodystrophy. The data 
thus indicate that RA treatment of mice fed a high-fat diet 
moderated adipogenesis but did not completely block the 
process. Likely, induction of Pref-1 by RA increased the 
expression level of the protein to a lesser extent than that 
achieved by transgenic overexpression (47). Taken to- 
gether with the report that a low level of Pref-1 is asso- 
ciated with obesity in humans (32), these observations 
support the notions that RA may be efficacious in treat- 
ment of obesity and that it does so in part by increasing 
the expression of Pref-1. 

KLF2 inhibits adipocyte differentiation by suppressing 
the expression of PPAR7, C/EBPa, and SREBPlc (33,34). 
We show in this study that KLF2 is a direct RAR target in 
preadipocytes (Fig. 2H) and that, in turn, the factor induces 
the expression of RAR7 and CRABP-II (Fig. 4/7). KLF2 is 
thus placed within a positive-feedback loop that promotes 
RA signaling through CRABP-II and RAR7, thereby further 
enhancing inhibition of adipogenesis by the hormone 
(Fig. 6E). Interestingly, a similar cross-talk between KLF2 
and RA signaling was recently found to occur in MCF-7 
mammary carcinoma cells in which KLF2 functions as a 
tumor suppressor (48). In MCF-7 cells, RA promotes pro- 
liferation and survival when directed toward PPAR(3/8 
by FABP5 but inhibits growth when targeted to RAR by 
CRABP-II (15,49,50). The tumor-suppressive activities of 
KLF2 may thus be exerted through its ability to modulate 
RA signaling (48). The cross-talk between KLF2 and the RA 
machinery in cancer development remains to be investigated. 

CRABP-II +/ ~ mice fed an HFHS diet displayed increased 
adipose tissue mass (Fig. 5Z>) but a similar adipocyte size 
as compared with WT counterparts (Fig. 5F). These obser- 
vations must reflect that the number of adipocytes is 
higher in the CRABP-II +/ ~ mice. Hence, enhanced weight 
gain in CRABP-II +/ ~ mice did not stem from adipocyte 
hypertrophy but originated directly from enhanced adipo- 
genesis. These observations demonstrate that decreasing 
RA signaling through the CRABP-II/RAR pathway resulted 
in resistance to inhibition of adipogenesis by RA. Conse- 
quently, HFHS intake led to massive adipogenesis and en- 
hanced adiposity in CRABP-II +/ ~ mice. Taken together, 
these and previous observations demonstrate that RA 
regulates adipose tissue biology by two distinct activities: 
in preadipocytes, RA activates CRABP-II and RAR to in- 
hibit adipocyte differentiation, and in mature adipocytes, 
RA activates both the CRABP-II/RAR and FABP5/PPAR(3/8 
paths to promote lipid oxidation and energy utilization. RA 
thus suppresses dietary-induced obesity by counteracting 
both adipogenesis and adipocyte hypertrophy. 
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